Objective-High protein (particularly leucine-rich whey protein) intake is recommended to mitigate the adverse effect of weight loss on muscle mass. The effectiveness of this approach is unknown.
Introduction
Obesity is associated with an increased risk of cardiometabolic abnormalities (1) . Weight loss induced by consuming a hypocaloric diet can ameliorate or even completely resolve these co-morbidities (1, 2) . However, diet-induced weight loss reduces total lean body and muscle mass (3) (4) (5) (6) (7) , which could increase the risk of sarcopenia (defined as low muscle mass and function (8, 9) ) in vulnerable populations, such as middle-aged, postmenopausal women and older adults (10) (11) (12) (13) (14) (15) . High protein intake (≥1.0 g per kg per day), particularly consumption of leucine-rich proteins such as whey protein, is recommended to prevent ageassociated muscle loss (16) (17) (18) (19) (20) and to mitigate the adverse effect of diet-induced weight loss on muscle mass (18, 20, 21) , because protein ingestion stimulates muscle protein synthesis in a dose-dependent manner (22) , leucine ingestion augments the anabolic effect of protein consumption (23) , and high protein intake blunts the weight loss-induced decline in lean body mass (24, 25) . However, it is not known whether high protein intake during weight loss actually prevents the loss of skeletal muscle, because: i) the acute effect of protein ingestion on muscle protein synthesis might not predict the chronic effect of protein ingestion on muscle mass, which is determined by the balance between synthesis and breakdown; and ii) the weight loss-induced change in lean body mass (determined by using dual-energy X-ray absorptiometry [DXA] ) is not a reliable surrogate for changes in muscle mass (determined by using computed tomography or magnetic resonance imaging (MRI)) (26).
We conducted a randomized controlled trial (RCT) to evaluate the effect of diet-induced weight loss with and without whey protein supplementation on muscle mass in middle-aged (50-65 y old) postmenopausal women with obesity. Subjects were randomized to one of three intervention groups: 1) a weight maintenance (WM) group; 2) a weight loss (WL) group, who consumed a hypocaloric diet containing the RDA of protein (0.8 g g/kg/d); and 3) a weight loss plus protein supplementation (WL-PS) group, who consumed a whey protein supplement in addition to a hypocaloric diet (daily protein intake: 1.2 g/kg/d). Thigh muscle volume was evaluated by MRI, and total fat-free mass (bone included), lean body mass (bone excluded) and leg lean mass (bone excluded) were evaluated by DXA before and after ~5% and ~10% weight loss in the two weight loss groups and after a matched duration of time (~3 and ~6 months, respectively) in the WM group. In addition, we measured one repetition maximum (1-RM) muscle strength and muscle force production capacity (peak isometric and isokinetic torque), and intermuscular adipose tissue (IMAT) content, which is associated with decreased muscle strength independent of muscle mass (27-30).
Methods

Human Subjects Research Compliance
The study was approved and monitored by the Human Research Protection Office at Washington University School of Medicine in St. Louis, MO, USA. Written informed consent was obtained from all subjects before their participation. Subject flow is shown in Figure S1 .
Participants
Eighty-seven, middle-aged (50-65 y old) postmenopausal women with obesity were assessed for eligibility, and 75 were enrolled ( Figure S1 ). All participants completed a comprehensive medical evaluation, which included a history and physical examination, a 75-g oral glucose tolerance test, and standard blood tests. Potential subjects were excluded if they met the following exclusion criteria: body mass index <30 or ≥50 kg/m 2 ; unstable body weight (i.e., >2 kg change within 6 months of screening); engaged in ≥1.5 hours of exercise per week; serious chronic disease (e.g., neuromuscular, or cardiopulmonary, or chronic kidney disease, diabetes, cancer) or a condition that could interfere with body composition imaging (e.g., certain metal implants), or taking medications that could affect muscle mass and/or function (e.g., HMG-CoA reductase inhibitors, steroids) within one year before enrolling in the study. None of the subjects consumed tobacco products or reported regular consumption of >115 g alcohol per week or scored >2 points on the Michigan Alcohol Screening Test.
Study Design
Seventy subjects completed all baseline testing and were randomized to either the WM, or WL, or WL-PS group by using a computerized randomization scheme. In the WL and WL-PS groups, outcomes were assessed before starting the intervention and after subjects had lost ~5% and ~10% of their body weight. In the WM group, outcomes were assessed at baseline and after ~3 and ~6 months, to match the anticipated time to achieve ~5% and ~10% weight loss in the WL and WL-PS groups. The primary outcome measure was the change in thigh muscle volume after ~10% weight loss. Secondary outcomes included: 1) total fat-free mass, lean body mass, and leg lean mass, 2) 1-RM leg muscle strength (composite value for bilateral leg press, knee extension, and knee flexion), 3) unilateral (dominant leg) knee extension peak torque (composite value for isometric and 60 °/s and 180 °/s isokinetic exercises), 4) unilateral (dominant leg) knee flexion peak torque (composite value for isometric and 60 °/s and 180 °/s isokinetic exercises), and 5) thigh IMAT volume.
Diet intervention
Initial target energy intake in the weight loss groups was 70% of each person's total daily energy expenditure (resting energy expenditure × an activity factor of 1.4 (31)); energy intake was then adjusted weekly as needed to achieve 0.5%-1.0% weight loss per week until 10% weight loss was achieved. In the WM group, each subject's energy intake was adjusted as needed to maintain body weight within 2% of the initial body weight. Target protein intake was 0.8 g/kg/d for the WM and WL groups and 1.2 g/kg/d for subjects in the WL-PS group. This amount of protein (1.2 g/kg/d) is recommended to prevent sarcopenia (16) (17) (18) (19) (20) and was found to attenuate the loss of lean body mass associated with diet-induced weight loss (24, 25, 32) . For breakfast, all subjects consumed two nutrition bars (NuGo Nutrition, Oakmont, PA) per day; for lunch and dinner, they were given a base diet of frozen entrees (eLiving meals, Morrison Healthcare, Atlanta, GA; Lean Cuisine, Nestlé USA, Solon, OH; and meals from Revel Kitchen, St. Louis, MO and our Clinical Research Unit metabolic kitchen). Subjects in the WL-PS group also consumed two servings of a whey protein isolate (Unjury®, ProSynthesis Laboratories, Inc, Reston, VA) per day (with breakfast and as a mid-afternoon snack) whereas subjects in the WL group consumed isocaloric foods that provided mostly carbohydrates and fat instead. Additional calories needed to meet each subject's total energy and macronutrient requirements were consumed as fruits, vegetables, dairy products and starches. We used several strategies to ensure dietary compliance and to monitor dietary intake: i) all meals and the protein supplement were provided to our study subjects, ii) dietary intake was monitored by reviewing subjects' daily diet records during weekly visits with the study dietician, and iii) blood urea nitrogen and, in a subset of participants, urinary urea nitrogen excretion were measured as objective markers of protein intake.
Outcomes Assessments
The following assessments were completed during outpatient visits to the Clinical Research Unit or the Center for Clinical Imaging Research at Washington University School of Medicine.
Body weight and body composition-Body weight was measured on a Seca 703 scale (Seca, Hanover, MD) to the nearest 0.1 kg. Total fat mass and fat-free mass, lean body mass, and bilateral leg lean mass were evaluated by using DXA (Lunar iDXA, GE Healthcare Lunar, Madison, WI). Thigh muscle and IMAT volumes were quantified by using magnetic resonance imaging (1.5-T superconducting magnet [Siemens, Iselin, NJ] and Matlab software [Mathworks, Natick, MA]); the region of interest constituted 22 consecutive 8 mmthick bilateral T1-weighted axial images, which were acquired with and without fat saturation starting 10 cm proximal to the distal edge of the femur.
Muscle strength-1-RM muscle strength (i.e., the maximal amount of weight each participant was able to lift just once) was evaluated by using a Hoist multi-station weight machine (Hoist Fitness Systems, Poway, CA) for the following exercises (all bilateral): leg press, knee extension, and knee flexion. The goal was to attain the 1-RM for each exercise after ~5 incremental weight lifts; at every stage, subjects were allowed a second attempt if they were unable to lift an incremental weight the first time. Peak isometric and isokinetic (60 °/s and 180 °/s) torque of the knee extensors and flexors of the dominant leg were evaluated by using a Biodex 3 dynamometer (Biodex Medical Systems, Shirley, NY). Each exercise was repeated three times and the mean of the two highest torque recordings for each exercise was used for analysis. At baseline, subjects attended an orientation session to become familiar with the exercise equipment and testing procedures. After a median of 7 (quartile 1: 6; quartile 3: 13) days, all testing procedures were repeated to obtain each subject's baseline values; subsequent testing sessions did not include further training.
Statistical analysis
SPSS version 24 for Windows (IBM, Armonk, NY) was used for statistical analyses. Our primary analysis was intention-to-treat (ITT) and included all subjects who completed baseline testing. Analysis of variance (normally distributed variables) or the Kruskal-Wallis test (skewed variables) were used to compare baseline subject characteristics, and total energy and macronutrient intake during the dietary intervention in the three groups. Dietinduced changes in body composition and strength were analyzed by using a linear mixed model with time and group as fixed factors. Analysis of covariance with the baseline value as covariate was used to compare the intervention-induced change in blood urea nitrogen concentration and urinary urea nitrogen excretion rate, which were assessed at baseline and after 10% weight loss only, in the three groups. We also performed a "Complete Case Analysis", which included only subjects who completed all aspects of the study. Characteristics of subjects who did and did not complete the study were compared by using Student's t-test. Relationships among variables of interest were evaluated by computing the coefficient of determination (R 2 ). A P-value ≤0.05 was considered statistically significant. Baseline data are presented as mean ± SEM for normally distributed data sets and median (quartile1; quartile 3) for skewed data sets. Mean changes over time and their 95% confidence bounds are used to present intervention-induced changes in the three groups.
Sample size determination and power calculation
We chose our sample size based on the expected change in our primary outcome, thigh muscle volume. Using the same MRI method we employed in our study, our former colleagues at Washington University School of Medicine have reported a 6.9 ± 3.4% (mean ± SD) decrease in thigh muscle volume in overweight adults who completed a hypocaloric diet therapy to achieve 10% weight loss (6) . Using a two-sided test, and a 0.05 α-level of significance, we estimated that the sample size required to detect this difference in either the WL or WL-PS compared with the WM groups with a power of 0.80 is five per group. To detect a 3.0, 4.0, or 5.0 percentage point difference in the pre/post change value for thigh muscle volume between the WL and WL-PS groups (e.g., a 6.9% change in the WL group compared to a 3.9%, 2.9% or 1.9% change in the WL-PS group, respectively) with a power ≥0.80 would require sample sizes of n=22, n=13, and n=9 per group, respectively. Differences less than that were considered clinically insignificant.
Results
Subject characteristics, dietary compliance, and changes in body weight
Baseline characteristics of subjects in the WM, WL, and WL-PS groups in both the ITT (n = 70; Tables 1 and 2 ) and Complete Case Analysis (n = 53; Tables S1 and S2) cohorts were not different. Characteristics of subjects who did and did not complete the study were also not different (data not shown).
Subjects who completed the study in both the WL and WL-PS groups achieved the targeted ~5% and ~10% weight loss at ~3 and ~6 months, respectively (Figure 1 ). Protein intake (assessed by food records) closely matched the prescribed amounts of 0.8 g/kg/d in the WM and WL groups and 1.2 g/kg/d in the WL-PS group (Table 3 ). The additional amount of protein (0.4 g/kg/d more in the WL-PS than the WL group) did not markedly alter overall diet composition (Table 3 ). Blood urea nitrogen concentration and urinary urea nitrogen excretion rate, which are biomarkers of dietary protein intake, were not different among the three groups at baseline but were greater (P <0.001) in the WL-PS than the WL and WM groups at the end of the dietary intervention (Table 3) .
Changes in total fat-free mass, lean body mass, leg lean mass, thigh muscle and IMAT volumes, and muscle strength Weight loss caused a decrease in total fat-free and lean body mass, leg lean mass and thigh muscle volume in both the WL and WL-PS groups. After ~5% weight loss, the decreases in total fat-free and lean body mass, leg lean mass, and thigh muscle volume in the WL-PS group were approximately half that in the WL group, whereas after ~10% body weight loss, the decrease from baseline tended to be lower in the WL-PS than the WL group but the difference between the groups was very small and not statistically significantly different (P ≥ 0.31 in the ITT analysis shown in Table 1 and Figure 2 , and P ≥0.24 in the Complete Case Analysis shown in Table S1 and Figure S2 ). Although the relationships between the changes in thigh muscle volume and the changes in total fat free mass, lean body mass, and leg lean mass were statistically significant (all p < 0.05), the correlations between each of these pairs of outcome measures were weak (R 2 = 0.116, R 2 = 0.210, and R 2 = 0.059, respectively).
Weight loss reduced IMAT volume in both the WL and WL-PS groups, and the decrease was not different between the two groups (Figures 2 and S2 ). Neither 1-RM thigh muscle strength nor peak torque were altered by the dietary interventions (Tables 2 and S2 ).
Discussion
We conducted a RCT to evaluate the effect of dietary whey protein supplementation on thigh muscle and IMAT volumes and muscle function after ~5% and ~10% weight loss in middleaged, postmenopausal women with obesity. Participants consumed either a standard-protein (0.8 g protein/kg/d) weight loss diet or the same diet in which part of breakfast and an afternoon snack were replaced with isocaloric whey protein supplements that provided an additional 0.4 g protein/kg/d. We found that protein supplementation during weight loss blunted the initial decline in thigh muscle volume after 5% weight loss, and tended to decrease the reduction in thigh muscle volume after 10% weight loss. The decline in thigh muscle volume after 10% weight loss in both groups was very small, representing less than a 6% (~200 cm 3 ) decrease in bilateral thigh muscle volume, which is consistent with the results reported previously in middle-aged and older adults (5, 6) . Moreover, the decline in muscle volume in both the_WL or WL-PS groups was not associated with a decrease in muscle strength. Weight loss caused the same decrease in IMAT volume in both the WL and WL-PS groups. These data demonstrate that 10% weight loss, induced by consuming a hypocaloric diet containing the RDA for protein (0.8 g/kg/day), does not have clinically important adverse effects on muscle mass and strength in middle-aged, postmenopausal women with obesity. Moreover, increasing daily protein intake by 50% above the RDA attenuates muscle loss, but the effect on muscle mass is very small, and does not translate into an improvement in muscle strength.
Our data are consistent with the results from previous studies, which included young and older adult men and women, and found that high protein intake caused a small, but statistically significant, attenuation in the decline in lean body mass after moderate weight loss in studies that lasted up to ~6 months (24, 25) , but had no effect on the amount of total body mass or body composition in studies that lasted 12 months (33). However, we are not aware of any previous studies that evaluated the effect of high protein intake or protein supplementation during weight loss on muscle mass or volume in people with obesity. It has been reported that weight loss-induced changes in DXA-derived total lean body mass do not accurately reflect changes in muscle mass (determined directly by using computed tomography or magnetic resonance imaging (MRI)) (26). Our results confirm this observation, because we found very weak correlations between the change in thigh muscle volume determined by MRI and the changes in total fat-free mass, lean body mass and leg lean mass determined by DXA. Together, these results demonstrate that high protein intake during diet-induced weight loss attenuates the decline in lean body mass and muscle mass, but the effect is small and does not cause a decrease in muscle strength. Moreover, weight loss causes a much greater decrease in body weight than muscle mass, so the ratio of muscle mass to body weight increased, which presumably contributes to improved physical function despite a reduction in muscle mass and no change in strength observed after weight loss in older adults with obesity (5). Additional studies are needed to evaluate the effect of shortterm protein supplementation during weight loss on muscle mass after long-term weight maintenance or weight regain.
Increased IMAT content in people with obesity is associated with poor muscle function (27-30), and weight loss decreases IMAT content (3, 7, 34, 35). The results from our study are therefore consistent with and extend the findings from earlier studies by demonstrating that the weight loss-induced decrease in IMAT is not associated with an increase in muscle strength, and that increased protein intake does not affect the magnitude of the weight-loss induced change in IMAT content or affect strength. It is, however, possible that the change in IMAT content in our subjects was too small to affect muscle function or that the concomitant loss of muscle mass counteracted the potential benefit of reduced IMAT content on muscle function.
The results from our study might not translate to other populations (e.g., younger women or men) or protein interventions. We studied postmenopausal women between 50 and 65 years of age and studied the effect of only a single type (whey) and dose (0.4 g/kg/d in addition to the RDA of 0.8 g/kg/d) of protein, because: i) the prevalence of obesity and future risk of sarcopenia in middle-aged postmenopausal women (10) (11) (12) (13) (14) (15) ; ii) whey protein causes a greater stimulation of muscle protein synthesis than many other types of protein because of its high leucine content (16, 20) ; and iii) 1.5 times the RDA of protein (a total of 1.2 g protein/kg per day) is the amount recommended by a consortium of the International Association of Gerontology and Geriatrics, the International Academy on Nutrition and Aging, the European Union Geriatric Medicine Society, and the Australian and New Zealand Society for Geriatric Medicine, for people at risk of sarcopenia and people undergoing dietary weight loss therapy (16) (17) (18) (19) (20) (21) . In addition, we did not evaluate whether concomitant exercise training might have generated a beneficial effect of protein supplementation on muscle mass. However, the data from several recent systematic reviews and meta-analyses show little or no effect of increased protein/amino acid intake on exercise training-induced muscle hypertrophy in weight-stable middle-aged and older adults (36-41).
High protein intake during weight loss therapy is often recommended to facilitate both shortterm and long-term weight loss because protein increases satiety and the thermogenic effect of feeding (21, (42) (43) (44) . However, the results from the most recent systematic review and meta-analysis show that high protein intake does not cause greater weight loss than standard protein intake in older people with obesity who participated in a weight loss program (24) . Furthermore, high protein intake after weight loss does not improve long-term weight maintenance of weight loss (45). In addition, we recently found that protein supplementation could have adverse metabolic effects by preventing the weight loss-induced improvement in insulin sensitivity (32). Therefore, the current recommendations of high protein intake during weight loss therapy should be reconsidered.
Conclusion
In summary, our findings demonstrate that in middle-aged, postmenopausal women with obesity, moderate 5%-10% weight loss does not have adverse effects on maximal muscle strength despite a small decrease in muscle mass. Moreover, a 50% increase in protein intake during weight loss therapy does not have clinically important therapeutic effects on muscle mass or muscle strength. These results indicate that increasing protein intake beyond the RDA during weight loss therapy is not necessary in middle-aged, postmenopausal women with obesity.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. What is already known about this subject?
• Diet-induced weight loss reduces total lean body and muscle mass.
• High protein intake (≥1.0 g per kg per day) mitigates the adverse effect of diet-induced weight loss on lean body mass.
• Leucine has unique muscle anabolic properties.
What does the study add?
• A randomized controlled trial to evaluate the effect of diet-induced weight loss with and without leucine-rich protein supplementation on muscle mass in postmenopausal women with obesity who are at increased risk for sarcopenia.
• The results from this study show that consuming 50% more protein than the current Recommended Daily Allowance during weight loss blunts the weight loss-associated muscle loss in postmenopausal women with obesity but the effect is small and clinically insignificant.
• In addition, the data show that weight loss does not adversely affect muscle strength in postmenopausal women with obesity because the muscle mass loss associated with weight loss is small. The left panel shows thigh muscle and intermuscular adipose tissue volumes expressed as mean ± SEM at baseline (black bars) and after 5% (grey bars) and 10% (white bars) weight loss and a matched time period in the weight maintenance group. Table 1 Subjects' body mass and composition at baseline and after ~5% and ~10% weight loss 1 Obesity (Silver Spring). Author manuscript; available in PMC 2019 May 01.
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